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Abstract. Intraspecific fusion of protoplasts with nuclei in Antrodia cinnamomea lengthened the time for development
of colonies on regeneration medium and reduced the number of protoplasts capable of regeneration. When 2.1 x 10°
C98 protoplasts were fused with C96 nuclei, 1750 colonies appeared on the regeneration medium, and 742 of them
were putative nuclear hybrids as their colonies were different from that of the protoplast parent. Without the presence
of C96 nuclei, 3160 colonies appeared on the regeneration medium and 400 of them tested were similar to the protoplast
parent in colony appearance. No colonies appeared when self-fused nuclei were plated on regeneration medium. The
rate of successful transfer was 23%. The success rate was 2.4% for reciprocal transfer. About 77 to 82% of nuclear
hybrids were slow in growth. These isolates resumed normal growth upon subculture. All the nuclear hybrids obtained
were unstable. Segregation occurred during growth of mycelia, resulting in the formation of colonies different from
those of the originals in subcultures. After five consecutive subcultures, 13 stable nuclear hybrids were obtained.
These isolates differed greatly from the parental isolates and from each other in pigmentation, growth rate, and colony

pattern.
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Introduction

Antrodia cinnamomea T. T. Chang & W. N. Chou is a
rare and extremely valuable medicinal fungus in Taiwan
(Chang and Chou, 1995, 2004). The basidiomes of the fun-
gus are well known locally for their effectiveness in treat-
ing various human illnesses, including liver cancer, kidney
problems, diabetes, and food poisoning (Chen et al.,
2001b). New compounds with different medicinal proper-
ties have been isolated from these basidiomes in recent
years (Chen and Yang, 1995; Cherng and Chiang, 1995;
Cherng et al., 1995; Chiang et al., 1995). Antrodia
cinnamomea is indigenous to Taiwan, and the protected
precious endemic tree species Cinnamomum kanehirai
Hayata is its only known host (Chang and Chou, 1995).
Since it is still impossible to produce fruiting bodies of A.
cinnamomea in cultures, the basidiomes of the fungus col-
lected from natural forests by the natives are in great de-
mand and have been sold for about U.S. $15,000 per kg
(Wu et al., 1997). Some medicinal effects have been de-
tected in liquid as well as solid cultures of A. cinnamomea
(Chen et al., 2001a; 2001b). Isolates of this fungus with
the ability to produce large quantities of medicinally ac-
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tive compounds are, therefore, urgently needed.
Unfortunately, the number of isolates available for selec-
tion is very limited because of the plant’s rarity in nature.

Recently, hybrids of Phytophthora resulting from
nuclear transplantation have been shown to display in-
creased variation in both physiological and morphologi-
cal characteristics (Gu and Ko, 1998; 2000; 2001). A project
was, therefore, initiated to develop a protocol for the
nuclear transplantation of A. cinnamomea to generate
variation for selection of strains capable of producing large
quantities of medicinal compounds. Reports on nuclear
transplantation in fungi are few. Successful application of
nuclear transplantation requires a selective method for iso-
lation of nuclear hybrids. Initially, complementary aux-
otrophic mutants were used, and prototrophic strains
capable of growing on minimal medium subsequent to
nuclear transplantation were selected as nuclear hybrids
(Ferency and Pesti, 1982: Sivan et al., 1990; Vagvolgyi and
Ferenczy, 1992). Recently, two mutants, each resistant to
a different fungicide, were used, and strains capable of
growing on medium containing both fungicides were se-
lected as nuclear hybrids (Gu and Ko, 1998; 2000; 2001).
The generation of auxotrophic mutants and induction of
fungicide resistant mutants are tedious and time consum-
ing tasks. In this study we developed a method for detec-
tion of nuclear hybrids based on a comparison of colony
morphology with parental types.
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Materials and Methods

Cultures

Isolates C96 (CCRC 35396) and C98 (CCRC 35398) of A.
cinnamomea were obtained from Culture Collection and
Research Center of Food Industry Research and Develop-
ment Institute, Hsinchu, Taiwan. They were cultured on
malt peptone agar consisting of 2% malt extract, 2%
glucose, 0.1% peptone, and 2% agar. After incubation at
28°C for 21 days on this medium, C96 formed a pink colony
with a whitish center while C98 formed a lightly yellow
colony with a yellow center. These two isolates were very
stable. Their colony morphology did not change over re-
peated subcultures.

Isolation of Protoplasts

The existing methods (Gu and Ko, 1998; Stasz et al.,
1988) were modified for protoplast isolation. Eight culture
blocks (ca 4 x 4 x 2 mm) obtained from the advancing mar-
gin of a colony were cut into tiny pieces with a scalpel
and used to inoculate 10 ml of malt peptone broth con-
sisting of 2% malt extract, 2% glucose, and 0.1% malt pep-
tone in a 125 ml flask. After incubation on a rotary shaker
at 28°C for 3 days, young mycelia were collected on
Miracloth (Calbiochem, La Jolla, CA) and washed twice
each with 200 ml of a stabilizer solution consisting of 0.6
M mannitol, 0.01 M CaClz, and 0.01 M Tris-HCI, pH 7.5.
Mycelia were transferred to a 50-ml centrifuge tube and
incubated with 5 ml Novozyme 234 (Novo Laboratories,
Wilton, CT) at the concentration of 10 mg/ml stabilizing
solution for 3-4 h at 28°C with gentle shaking to release
protoplasts. Protoplasts were separated from non-digested
mycelia by filtration through Miracloth and 150 wm nylon
sieve and washed twice each with 10 ml stabilizer solution
by centrifugation at 100 g for 5 min. The entire procedure
was performed under aseptic conditions. The number of
nuclei in protoplasts obtained in this study ranged from 0
to 2 per protoplast. The concentration of protoplasts was
determined with a microliter pipette (P20, West Coast
Scientific, Oakland CA) (Ko et al., 1973).

Nuclear Isolation

The method by Sivan et al. (1990) was modified for iso-
lation and transplantation of nuclei. Protoplasts in 0.5 ml
suspension were pelleted by centrifugation at 1,000 g for
15 min, and resuspended in 0.2 ml extraction buffer con-
sisting of 10 mM Tris-HCI (pH 7.0), 4 mM spermidine
hydrochloride, 1 mM spermine hydrochloride, 0.1 M KClI,
10 mM EDTA, 0.5 M sucrose, 1 mM phenylmethylsulfonyl
flouoride, and 0.1% 2-mercaptoethanol. The suspension
was mixed with 50 mg fine quartz sand adjusted to 5 ml
with extraction buffer and homogenized for 3 min in a
Tenbroeck tissue grinder (Corning Glass Works, Corning,
NY) to rupture the protoplasts. The homogenized suspen-
sion was filtered sequentially through polycarbonate mem-
branes (Nuclepore Corp., Pleasanton, CA) with pore sizes
of 20, 12, 10, 5, and 2 wm to remove residual protoplasts
and centrifuged at 1,500 g for 5 min for sedimentation of
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nuclei but not mitochondria (Bhargava and Halvorson,
1971). The nuclear pellet was suspended in 1 ml extrac-
tion buffer. All the processes of nuclear isolation were per-
formed at 4°C. To assure the purity of the preparations,
drops of nuclear suspension were stained with DAPI (4°,
6-diamidino-2-phyenylindole) (Stasz et al., 1988) or
Rhodamine 123 (Weiss and Chen, 1984) to detect the pres-
ence of nuclei and mitochondria, respectively. After being
stained with DAPI, isolated nuclei of C96 and C98 appeared
as round bodies and irregular masses, respectively. No in-
tact protoplasts were detected. Rhodamine staining also
did not detect mitochondria, thus confirming the purity of
the preparations.

Nuclear Transplantation

For nuclear transplantation, 1 ml nuclear suspension
from 1 ml protoplast suspension was gently added to the
0.5 ml protoplast suspension in a centrifuge tube. After
incubation at 30°C for 5 min, 100 ul fusion solution con-
sisting of 60 (w/v) PEG 3350, 10 mM CaCl, and 10 mM Tris-
HCI (pH 7.5) was gently mixed with the protoplast-nucleus
suspension. A second and third 250 ul fusion solution were
added and mixed at 5 min intervals. The nuclei and proto-
plasts were then forced together by centrifugation at 1,000
rpm for 5 min. This pellet was incubated for an additional
5 min and suspended in 2 ml stabilizer solution. The di-
luted mixture was centrifuged at 1,000 rpm for 5 min, and
the supernatant was replaced with 1.2 ml stabilizer solution.
The whole protoplast-nucleus suspension was spread on
six plates (0.2 ml/plate) of regeneration medium consist-
ing of malt peptone agar plus 10% sucrose. For controls,
the same amount of nuclei and protoplasts was separately
processed through the same fusion procedure and sus-
pended in 0.8 ml stabilizer solution. Each suspension was
spread on four plates of regeneration medium.

A marking pen was used to mark 100 dots on the bot-
tom of each malt peptone agar plate (Ho and Ko, 1997).
After regeneration at 28°C for 100 h, all the colonies re-
generated from fusion products were each isolated and
placed on the surface of the agar medium above one of
the dots. The number of colonies regenerated from self fu-
sion protoplasts was estimated by counting colonies in
one-eighth of each plate. After counting, 400 colonies were
isolated as described above for each experiment.

Segregation of Putative Nuclear Hybrids

For observation of colony characteristics, each colony
from initial isolation plates was transferred to the center
of a malt peptone agar plate and incubated at 28°C for 7
days. For the study of segregation, a 10-mm culture disk
was obtained from the advancing margin of a putative
nuclear hybrid with a cork borer, placed in the center of
the malt peptone agar plate, and incubated at 28°C for 7
days. For comparison of the colony characteristics be-
tween stable putative nuclear hybrids and the parental
isolates, each isolate was grown on malt peptone agar, po-
tato dextrose agar (Difco Lab., Michigan), and malt extract
agar (Difco Lab., Michigan) for 28 days at 28°C in darkness.
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Results

Protoplast Regeneration after Nuclear Trans-
plantation

Fusion of protoplasts with nuclei lengthened the regen-
eration time and reduced the regeneration frequency of the
protoplasts. Numerous tiny colonies appeared in all four
regeneration plates containing self-fused C98 protoplasts
in 52 h. During the same period of time, three out of six
regeneration plates containing C98 protoplasts fused with
C96 nuclei showed a scant number of tiny colonies. None
of the other plates had any colonies. It took 100 h for all
six plates to become full of tiny colonies. No colonies ap-
peared on the regeneration plates containing self-fused
nuclei during the experiment. After 100 h, approximately
3160 colonies appeared on the regeneration plates contain-
ing self-fused C98 protoplasts. When the same number of
C98 protoplasts were fused with C96 nuclei, only 1750
colonies appeared on the regeneration plates (Table 1).
Nuclear fusion caused about a 50% reduction in the num-
ber of C98 protoplasts capable of regeneration.

All four regeneration plates containing self-fused C96
protoplasts were also full of tiny colonies in 52 h, and only
one out of six regeneration plates containing C96 proto-
plasts fused with C98 nuclei showed some tiny colonies
during the same time. None of the other five plates had
any colonies. It took 100 h for tiny colonies to appear on
all six plates. No colonies appeared on the regeneration
plates containing self-fused C98 nuclei during the
experiment. After 100 h, about 10360 colonies appeared on
the regeneration plates containing self-fused C96

protoplasts. When the same amount of C96 protoplasts
were fused with C98 nuclei, only 344 colonies appeared
on the regeneration plates (Table 1). Nuclear fusion caused
an approximate 97% reduction in number of C96 proto-
plasts capable of regeneration.

Colony Characteristics of Products of Nuclear
Transplantation

Among the 1750 isolates regenerated from C98 proto-
plasts following fusion with C96 nuclei, 1008 isolates were
similar to the protoplast parent and 742 isolates were dif-
ferent from the protoplast parent (Table 2). The latter were
considered putative nuclear hybrids, as all of the 400 iso-
lates regenerated from self-fused C98 protoplasts were simi-
lar to the protoplast parent. The putative hybrids included
38 isolates similar to the nuclear parent, 134 isolates dif-
ferent from both parents, and 570 isolates slow in growth
(Table 2).

Among the 344 isolates regenerated from C96 proto-
plasts following fusion with C98 nuclei, 98 isolates were
similar to the protoplast parent and 246 isolates were dif-
ferent (Table 2). The latter were considered putative nuclear
hybrids, as all the 400 isolates regenerated from self-fused
C96 protoplasts were similar to the protoplast parent. The
nuclear hybrids included 40 isolates similar to the nuclear
parent, 4 isolates different from both parents, and 202 iso-
lates slow in growth (Table 2).

Segregation of Putative Nuclear Hybrids

When colonies of putative nuclear hybrids were sub-
cultured by transferring a small piece of agar culture from

Table 1. Regeneration of protoplasts after fusion with isolated nuclei in Antrodia cinnamonea.

Treatment

Colony no. observed Colony no. isolated

Exp. I. C96 nuclei (from 4.2 x 10° protoplasts) and C98 protoplasts (2.1 x 10°%)

Fusion between nuclei and protoplasts
Self-fusion of protoplasts
Self-fusion of nuclei

Exp. II. C98 nuclei (from 2.0 x 10° protoplasts) and C96 protoplasts (1.0 x 10°)

Fusion between nuclei and protoplasts
Self-fusion of protoplasts
Self-fusion of nuclei

1750 1750
3160 400
0 0

344 344
10360 400
0 0

Table 2. Appearance of colonies of Antrodia cinnamomea after being transferred from regeneration medium to malt peptone agar for

7 days at 28°C.

Isolate no.
Origin Total Similar to Similar to Different from Slow
protoplast parent nuclear parent parents growing®
Fusion between C96 nuclei and C98 protoplasts 1750 1008 38 134 570
Self fusion of C98 protoplasts 400 400 0 0 0
Fusion between C98 nuclei and C96 protoplasts 344 98 40 4 202
Self fusion of C96 protoplasts 400 400 0 0 0

*Colonies were smaller than 2 mm in diameter after incubation at 28°C for 7 days on malt peptone agar. The colony sizes of the
parents and those different from the parents were 16-18 mm under the same conditions.
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the advancing margin to fresh malt peptone agar, all of
them developed colonies different from their origins in ap-
pearance (Table 3). For putative nuclear hybrids resulting
from fusion of C98 protoplasts with C96 nuclei, 38 isolates
similar to the nuclear parent, 134 isolates different from
both parents, and 10 slow growing isolates were tested.
Among the 38 isolates similar to the nuclear parent, 29 iso-
lates reverted and became similar to the protoplast parent
while 9 became different from both parents as a result of
segregation during mycelial growth. Of the 134 isolates dif-
ferent from both parents, 75 reverted and became similar
to the protoplast parent. All of the 10 slow growing iso-
lates tested reverted to normal growth following
segregation. Nine of them became similar to the protoplast
parent while the remaining one became different from both
parents.

For putative nuclear hybrids resulting from fusion of
C96 protoplasts with C98 nuclei, 40 isolates similar to
nuclear parent, 4 isolates different from both parents, and
10 slow growing isolates were tested. Among the 40 iso-
lates similar to the nuclear parent, 18 isolates reverted and
became similar to the protoplast parent while 22 isolates
became different from both parents as a result of segrega-
tion during mycelial growth (Table 3). All 4 isolates differ-
ent from the parents reverted and became similar to the
protoplast parent. All 10 slow growing isolates tested also
became normal in growth following segregation. Eight of
them reverted and became similar to the protoplast parent
while the other two became different from the parent.

All isolates that were different from both parents after
subculture (Table 3) were subcultured once every 14 days
by transferring a small piece of agar culture from the ad-
vancing margin to fresh malt peptone agar. Thirteen stable
nuclear hybrids were obtained, after five consecutive
subcultures. The 10 isolates from the fusion of C96 nuclei
with C98 protoplasts were designated S68A to S68J while
the other 3 isolates from the fusion of C98 nuclei with C96
protoplasts were designated S86A and S86C. These stable
nuclear hybrids differed from the parental C98 and C96 iso-
lates in color, size, and pattern of the colony on the same
medium, and in response to change of culture medium
(Figure 1).
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Discussion

When protoplasts of C98 or C96 isolates of A.
cinnamomea were processed through fusion treatment, the
regenerated colonies were similar to their respective par-
ent in colony appearance, and the same type of colony ap-
peared on subsequent subculture. However, when these
protoplasts were fused with nuclei from different isolates,
42 and 72% of the regenerated colonies were different from
their respective parents in the reciprocal experiments. All
these cultures displayed segregation during the growth of
mycelia, suggesting that these isolates were hybrids re-
sulting from nuclear transplantation. Our result demon-
strates the possibility of detecting nuclear hybrids based
on comparison of colony morphology. Although this novel
method requires the isolation of a large number of colo-
nies for comparison, it obviates the tedious and time con-
suming process of generating auxotrophic or
fungicide-resistant mutants.

When 2.1 x 105 C98 protoplasts were fused with C96
nuclei, 1750 colonies appeared on the regeneration medi-
um (Table 1), and 742 of them were putative nuclear hy-
brids (Table 2). Without the presence of C96 nuclei, 3160
colonies regenerated on the regeneration medium. The rate
of successful transfer was 23%. The successful rate was
2.4% for reciprocal transfer. The rates of successful nu-
clear transplantation obtained in this study were higher
than those reported previously (Ferenczy and Pesti, 1982;
Gu and Ko, 2000; 2001; Sivan et al., 1990; Vagvolgyi and
Ferenczy, 1992). The isolates used in this study were wild
types while those used by others were mutants. It is con-
ceivable that mutation treatment of the test organisms
might have weakened the regeneration ability of their pro-
toplasts following nuclear transplantation.

Nuclear hybrids obtained in this study were unstable.
Sector formation was very common, and all of their sub-
cultures showed different colony morphology from their
origins. A parasexual cycle is known to occur following
nuclear transplantation (Gu and Ko, 1998). It is possible
that in the nuclear hybrids, heterozygous diploid nuclei
may result from spontaneous nuclear fusion. Aneuploid
nuclei and recombinant haploid nuclei may also result from

Table 3. Segregation of putative nuclear hybrids of Antrodia cinnamomea after being subcultured on fresh malt peptone agar.

Before subculture

After subculture (colony no.)

Origin Colony no. Similar to protoplast Similar to nuclear Different from Sloxjv
parent parent parents growing

Putative nuclear hybrids resulted from fusion of C98 protoplasts with C96 nuclei

Similar to nuclear parent 38 29 0 9 0

Different from parents 134 75 0 59 0

Slow growing 10 9 0 1 0
Putative nuclear hybrids resulted from fusion of C96 protoplasts with C98 nuclei

Similar to nuclear parent 40 18 0 22 0

Different from parents 4 4 0 0 0

Slow growing 10 8 0 2 0
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Figure 1. Colony characteristics of parental isolates and nuclear hybrids of Antrodia cinnamomea on malt peptone agar (A), malt
extract agar (B), and potato dextrose agar (C) after incubation at 28°C in darkness for 28 days. C98 and C96 were parental isolates.
S68A to S68J were hybrids resulted from fusion of C96 nuclei with C98 protoplasts while S86A to S86C were from fusion of C98

nuclei with C96 protoplasts.

chromosome nondisjunction and mitotic crossing over
(Brody and Williams, 1974). Segregation of these different
kinds of nuclei may occur during mycelial growth result-
ing in the formation of sectors and the appearance of dif-
ferent kinds of colony morphology during consecutive
subcultures.

About 77 to 82% of nuclear hybrids were slow in
growth. However, these colonies resumed normal growth
upon subculture. An inserted foreign nucleus is apparently
inhibitory to growth of hybrid cells. After some adjustment,
hybrid cells probably could overcome the inhibitory effect
by suppression or by elimination of the inhibitory factor.
Nuclear transfer of Trichoderma harzianum (Sivan et al.,
1990) and Aspergillus nidulans (Vagvolgyi and Ferenczy,
1992) also caused slow growth of regenerated colonies.
Increased growth rates were also observed among single-

spore isolates derived from slow-growing nuclear hybrids
of T. harzianum (Sivan et al., 1990). Growth inhibition of
nuclear hybrids by inserted nucleus, and the subsequent
reversion during subculture appear to be unique to hap-
loid fungi. No similar phenomenon was observed in the
nuclear hybrid of diploid Phytophthora (Gu and Ko, 1998;
2000). In fact, most of the intraspecific and interspecific
nuclear hybrids of Phytophthora parasitica and P. capsici
exhibited greater growth rates than their parental isolates
(Gu and Ko, 2001).

The stable nuclear hybrids obtained in this study dif-
fered greatly from the parental isolates and from each other
in pigmentation, growth rate, and colony pattern (Figure
1). Whether these nuclear hybrids can produce larger quan-
tity of medicinally active compounds than the parental iso-
lates remains to be tested.
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